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Abstract — The stable nitroxide 4-hydroxy-2,2,6,6-tetrajnethylpiperidine-N-oxy! (TEMPOL) is widely used as a probe ^ w" 

in biophysical studies and as an antioxidant in several experimental models. The potential cytotoxic effects of TEMPOL ^ 3 

were tested on a panel of human and rodent cell lines, and the nitroxide proved to be significantly more effective in * 
inhibiting the growth of neoplastic than nonneoplastic cell lines after a 96-h exposure. More detailed studies on 

MCF-7AVT cells indicate that at least 24 h are necessary for TEMPOL to induce irreversible cell damage, which seems » 3 

to be related to the reactivity of the nitroxyl group. This observation, together with the antagonistic effect of 1^*5 

A^-acetylcysieine, suggests an involvement of free radical -mediated processes. Cell cycle studies indicate a biphasic c g" 

effect of TEMPOL, with a short-term accumulation of the cells in the G, phase and a later increase Ln G^/M phase; the 5^-o 

pattern of DNA fragmentation observed in TEMPOL-treated cells points to an apoptotic mode of cell death. In ^2. 

conclusion, our data suggest that, while the possible cytotoxic effects of TEMPOL should not be overlooked when using o 

this compound as a biophysical probe or antioxidant, these same properties could be exploited as a novel approach to ^ S. 
cancer chemotherapy, especially in tumor cells exhibiting unfavorable characteristics, such as a multidrtig-resistant 
phenotype or loss of hormone receptors. © 1998 Elsevier Science Inc. 
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INTRODUCTION 

Low molecular weight nitroxides are free radical com- 
pounds widely used in EPR spectroscopy as probes for a 
Dumber of biophysical and biochemical parameters in 
biological sy.stems'"^ and are studied as contrast agents 
for MRJ.** In addition, it has recently been demonstrated 
that piperidine nitroxides exert a cytoprotective action 
against diverse oxidative insults, including radiation, 
cytotoxic drugs and xenobiotics,^"^ and postischemic 
reperfusion injury,'*^** due to their ability to scavenge 
oxygen free radicals and to inhibit their generation. '^'^^ 
In spile of the increasing number of indications for the 
use of this class of compounds, information concerning 
^heir cytotoxicity is sparse. Studies on the effects of 
J^veral nitroxides on Chinese hamster ovary (CHO) cells 



Address correspondence lo: Dr. Elena Momi. Applied Phamnacology 
™ictn. Insiiiute of Pharmacology, University of Milan, Via Van- 
^'lelli. -12-U0129 .Milan. Italy; Fax: 39-2-70002270; E-Mail: 
I^armapp© j mi ut;ca. csi.unimi.il. 



have indicated that this cell line is substantially unaf- 
fected by a 10-min exposure to most of the compounds 
tested, at concentrations up to 1 mM.'** A more recent 
report on the effects of the piperidine nitroxide 2,2,6,6- 
tetramethyl-piperidine-l-oxyl (TEMPO) on the growth of 
three different tumor cell lines suggested that this class 
of nitroxides can exert a pro-oxidative effect in cells by 
increasing the intracellular H2O2 concentration, even 
though the same authors conclude that this potentially 
toxic effect of the nitroxides is overshadowed by its 
capability to prevent H2O2 conversion to the more se- 
verely damaging hydroxyl radical. 

On the other hand, several six-membered nitroxide 
free radicals have been found to be mutagenic on the 
Salmonella typhimurium strain TA 104,'^*'^ and some of 
them have been shown to exert bactericidal and bacteri- 
ostatic effects on recombination-deHcient E. coli cells, 
indicating that these compounds are not completely de- 
void of toxiu effects- 

To settle the issue of the potential interference of 
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niimxide free radicals with cell viabrliiy and prolifera- 
tion, in the present study we have examined the effects of 
4'hydroxy-2.2.6.6-telramclhylpipcndinc-i-oxyl (TEM- 
POL). which is a widely used antioxidant piperidine 
nitroxide/''^ on a panel of cullured ceil lines, derived 
from different or^ians and tumors of human and rodent 
origin. Our resuhs indicate that (a) upon exposure times 
longer than 24 h TEMPOL exerts a significant inhibjtory 
action on eel J growth, possibly by iriogcring an apoptolic 
mechanism: (b) this effect appears to be more potent on 
neoplastic ceJJs than on isotypic nontumor cells: (c) the 
effect of TEMPOL is not impaired in cells displaying a 
multidrug resistant phenotype or (in the case of breast 
cancer cells) lacking estrogen receptors; (dj growth in- 
hibition is associated with dose- and time-dependent 
alterations of cell cycle progression; fe) the antiprolif- 
erative action of TEMPOL appears to depend on the 
presence of an unpaired electron in the nitroxide mole- 
cule and on the reduction rate of the compound, and is 
signiticantly reduced by combination with the free radi- 
cal scavenger //-acetylcysteine {NAQ. 



MATERIALS AND METHODS 



Chemicals 



4-Hydroxy-2,2.6,6-tetramethylpiperidinc- 1 -oxyl 
(TEMPOLX A'-acetyl-i.-cysteine (NAC), 3-carbamoyl- 
2,2,5,5-tetrameihyl-3-pyrrolin-l-yIoxy (CTPY), 
3-(4,5-dimethykhiazoI-2-yl)-2,5-diphcnyIietra2ol)um 
bromide (MTT). sulforhodamine B (SRB), and all 
other reagents were purchased from Sigma-Aldrich 
s.r.L (Milan, Italy). TEMPOL hydroxylamine (TEM- 
POL-H), generously provided by Dr M. K. Cherukuri 
(Radiation Oncology Branch, N.C.L, N.I.H., Bc- 
thesda, MD), was prepared by hydrogenation in the 
presence of a platinum catalyst.*^ 

Cell lines and culture conditions 

The following cell lines and culture media were 
used: HE L- 100 (human breast epithelium), maintained 
in McCoy medium, supplemented with 10% fetal bo- 
vine serum (FBS); MCF-7AVT (human breast adeno- 
carcinoma, estrogen receptor positive), MCF-7/ADR 
(MDR variant of MCF-7/WT selected for resistance to 
doxorubicin), MDA-MB-23I (human breast adenocar- 
cinoma, estrogen receptor negative), and NIH: 
OVCAR-3 (human ovarian adenocarcinoma), main- 
tained in RPMM640 medium supplemented with 10% 
FBS; CHO-Kl (Chinese hamster ovary), LoVo/WT 
(human colon adenocarcinoma), LoVo/DX (MDR 
variant of LoVoAVT selected for resistance to doxo- 
rubicin) and BRL-3A (rat liver), maintained in Ham's 



F]2 medium supplemented with. 10% FBS: MHKci 
(rat hepatoma), maintained in Ham's l-H) mediu 
supplemented with 5% FBS and 15% horse scrur^ 
HCT i 16 (human colon adenocarcinoma) maintained 
in DMEM supplemented with 10% FBS. 

Ail the cell lines were maintained under standard 
culture conditions at 37°C in a humidified 5% Ca 
atmosphere. ^ 



Cytotoxicity assays 

The effects of TEMPOL, CTPY, and TEMPOL-H 
on cell proliferation were determined by the MTT 
assay, as described by Alley ct al.;^° to avoid auio 
oxidation, TEMPOL-H was prepared as a stock solu- 
tion containing 50 ^M diethylenetriaminepenta-acetic 
acid (DEI APAC). Briefly, . cells were seeded onto 
96-well plates and allowed to grow for 24 h prior to 
treatment with different concentrations of the nitrox- 
ide. After 96 h, MTT (5 mM in PBS) was added to the 
cells for 3 h at 37°C, Formaz.an crystals, formed by 
miihocondrial reduction of MTT, were solubilized in 
DMSO and the absorbance was read at 570 nm. Pre- 
liminary experiments were performed to verify the 
correlation between MTT reduction and total ceU 
counts. Because MTT interacts directly with sulfhy- 
dryl compounds, the effect of NAC on TEMPOL 
cytotoxicity could not be evaluated by this assay; 
therefore, a colorimelric assay based on protein slain- .. 
ing by sulforhodamine B (SRB) was used instead."* 
Cells were seeded and treated as described for the 
MTT assay. After a 96-h treatment, cells were fixed ,^ 
with trichloroacetic acid (final concentration 10%), r 
stained with 0.4% SRB and washed with 1% acetic 
acid. The incorporated dye was solubilized in 10 mM 
Tris (pH 10-10.5), and absorbance was read at 550 
nm. IC50 values were determined by using the median- \ 
effect equation.'^ C 

To assess the time course for the development of 
TEMPOL effects on cell growth, MCF-7AVT cells | 
were exposed to TEMPOL according to different ume^ 
schedules: (a) 2-h exposure to TEMPOL, MTT assay | 
performed 94 h after drug removal; (b) 24-h exposure | 
to TEMPOL, MTT assay performed immediately | 
thereafter; (c) 24-h exposure to TEMPOL, MTT as- I 
say performed 72 h after drug removal; (d) 96-h expo- | 
sure to TEMPOL, MTT assay performed immediately | 
thereafter. | 
The 96-h end point was chosen because it yielded | 
optimal values for the optical density in control wells^ | 
Phase conu-ast micrographs (250X) of MCF-7AVT con- J 
trol cells and of cells treated with TEMPOL according | 
schedules (b) and (d), were taken on Agfa Ortho 135 



Antiproliferative effect of TEMPOL 



915 



t bic 1 . Antiproliferative Effect of TEMPOL on Different Human 
iind Rodent Neoplastic and Nonneoplastic Cell Lines 



Cell Udc 



Turn ori genie 
Potential 



MDR 
Phenotypc 



IC50 ± SB (mM) 



Breast 
HBL-100 
MCF-7/WT 
MCF-7/ADRR 
MDA-MB-23I 

Colon 
LoVoAVT 
LoVo/DX 

Hcriie 

Liver 

BRL-3A 

MHl-CI 
Ovary 

CHO-KI 

KIH: OVCAR-3 



+ 
+ 
+ 

■t- 

+ 



0.944 ± 0.082 
0.208 :t 0.023* 
0.410 ± 0.048* 
0.464 Z 0.063* 

0.499 ± 0.039 
0.303 ± 0.059 
0.380 ± 0.060 

1.073 ±0-070 
0.773 ± 0.038+ 

0.891 :t 0.227 
0.222 ± 0.020* 



Mean ± SB of four to six experiments. 

Statistically significant differences were assessed by the analysis of 
variance, followed by Duncan*.-; test ihr multiple compari.sons. 
*p < 0.05 vs. HBL-100. 

< 0-05 vs. BRL-3A. 
*p < 0.05 vs. CHO-Kl. 



under an inverted microscope equipped with a MPS 5 IS 
camera. 



EPR studies 

The stability of a 0.1 mM solution of TEMPOL in 
complete culture medium (RPMI 1640 with 10% FBS) 
was assessed up to 96 h, corresponding to the longest 
exposure lime in the study. TEMPOL stability in the 
intracellular environment was also evaluated. Cells 
were seeded onto 75 cm^ flasks and allowed to attach 
for 24 h prior to treatment with 0. 1 mM TEMPOL. 
After 24 h, the drug-containing medium was removed 
and cells were trypsinized, washed in PBS, and resus- 
pended at 1 X 10^ cclls/ml; cell samples were drawn 
into gas permeable Teflon capillaries (inner diameter 
0.8 mm, wall thickness 0.38 mm; Zeus Industries, 
Raritan, NJ) and analyzed by EPR to determine the 
amount of TEMPOL at the end of the incubation. The 
lime course of the decay of the EPR signal of TEM- 
POL in MCF-7/WT cells was followed by processing 
cells from separate flasks at different lime points after 
replacing the TEMPOL-containing medium with fresh 
drug-free medium. 

EPR spectra of TEMPOL-containing medium and of 
cell suspensions were obtained at room temperature un- 
der the lollovving conditions: microwave power 5 mW, 
g<iin 5 X 10", time constant 0.5 s. modulation amplitude 
1 G. 



Ceil cycle analysis 

MCF-7AVT cells were seeded onto 75 cm^ flasks and 
allowed to attach for 24 h prior to treatment with differ- 
ent concentrations of TEMPOL (0.4, 0.8, and 1 .2 mM for 
24-h treatments and 0.1, 0.2, and 0,4 mM for 96-h 
treatments); untreated cells» grown for the same periods 
of time, were used as controls. At the end of the ap- 
pointed treatment periods cells were harvested by 
trypsin ixation, washed in ice-cold PBS, fixed in 70% 
eihanol, and stored at — 20°C. Just prior to analysis by 
FACS, cells were washed and rcsuspended at 1 X 10*^ 
cells/ml in PBS. Cellular DNA was stained with 30 
fig/ml propidium iodide in PBS in the presence of 
RNAse A at 37*^C for 30 min. Cell cycle studies were 
performed using a FACScan flow cylometcr (Becton 
Dickinson) and the data were analyzed by Lysis 11 ver- 
sion 1.1. Results are reported as the number of cells vs. 
their DNA content, as indicated by the intensity of flu- 
orescence. 



Df^A fragmentation 

Intern ucleo.<?omal DNA fragmentation was analyzed 
by conventional agarose gel electrophoresis. MCF- 
7/WT and HBL-100 cells were treated for 24 h with 
different concentrations of TEMPOL. At the end of 
this period, the cells (5 X lO^/sampJe) were lysed by 
incubation in lysis buffer (10 mM Tris-HCl, pH 8; 150 
mM iNaCL 20 mM EDTA, and 0.5% SDS) and the 
resulting lysatcs were incubated overnight with 0.5 
mg/ml proteinase K at 50''C. After incubation with 
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Fig. 1. Antiproliferative effects of TRMK)1, on MCF-7AVT cells after 
dilTcrciu exposure tifnes: ♦ 2-h TBiMPOL *- 94 h in TF.MPOL-frcc 
iiKdiuTti bclbrc ihe MTT assay; * 24-h THMPOI. and MTT assay 
inimedlatelv ihcreaficr; • 24-1. TKMF>OL -r 72 h in TRMPOL-frce 
mcJiuin he'lore ihc MTT assay: ■ Vft-h THMPOl. and MTT av.say 
inimocliaiely thereafter. Each curve is representative ol three to fuur 
imlepciidcnt experiments. 
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NaCH3COOH 3M (1/10 v/v) and ethanol (2/1 v/v) for 
30 min on ice, the DNA was recovered by centrifuga- 
tion at 14,500 X g for 30 min at 4°C and the resulting 
pellet was dissolved in TE buffer (Tris 10 mM, EDTA 
1 mM, pH 7,5) containing 0.1 mg/ml hbonuclease A 
for 1 h at 37°C. The samples thus obtained were then 
resolved by electrophoresis on 2.0% agarose gels at 10 
V/cm for 120 min and DNA was visualized by expo- 



sure of the gel to UV light after incubation with 
ethidium bromide (0.5 /xg/ml) for I h. 

Statistical analysis 

Data from cytotoxicity studies were analyzed by a 
one-way analysis of variance; multiple comparison 
among IC^q values were evaluated by means of Duncan's 




multiple range test (p < .05). The type of interaction 
between TEM POL and NAC was evakiated by the 
method described by Drewinko."^'^ 

RESULTS 

Cytotoxicity tests 

Table I shows the IC50 values obtained on a panel 
of human and rodent cell lines for a 96-h exposure to 



TEMPOL. Whenever possible, the MIT test was 
used to assess the effects of TEMPOL on cell growth, 
based on preliminary experiments showing that 
MTT reduction was closely correlated to total cell 
counts and protein staining with SRB, following ex- 
posure to the niiroxide (data not shown). Because 
NAC interacts directly with MTT. the SRB assay was 
used whenever NAC was included in the experimental 
protocol. 



M. B. Caribou>i fi ai. 




0.5 



{drug} M 

Fig. 3. Antiproliferative effects of TEMPOL {■). TEMPOL hydrox- 
ylamine U) and 3-carbamoyI-2.2,5-5-tetramcthyl-3-pyrroIiii-I'yloxy 
(• ) on MCF-7/WT cells upon 96-h exposure. Hach curve is represcn- 
larive of three to four independent experiments. 



The following observations can be made: (a) when- 
ever a comparison is possible between isotypic tumor 
and nontumor cell lines (breast, liver, and ovary). TEM- 
POL is -significanlly more cytotoxic against the former 
vs. the latter, (b) No significant differences in TEMPOL 
cytotoxicity can be detected between cell lines exhibiting 
a multi drug-resistant phenotype (MCF-7/ADR and 
LoVo/DX) and the corresponding parental cell lines 
(MCF-7AVT and LoVoAVT, respectively), (c) No signif- 
icant differences in TEMPOL cytotoxicity can be de- 
tected between breast cancer cell lines with (MCF-7/ 
WT) or without (MCF-7/ADR, MDA-MB-231) estrogen 
receptors. 

All subsequent studies were performed on MCF- 
7AV'T cells, which are the most sensitive to the effects of 
TEMPOL of all the cell lines tested. 

Figure 1 shows the time course of the antiproliferative 
effects ofTEMPOL on MCF-7AVTcelIs. A 2-h exposure 
to the nitroxide, followed by its removal from the culture 
medium, does not affect cell proliferation, as assessed by 
the MTT assay 96 h after the beginning of drug treat- 
ment, suggesting that no irreversible cell damage is in- 
duced during this period of time. After 24-h exposure to 
the nitroxide, a dose-dependent inhibition of cell growth 
begins to develop; no significant differences are apparent 
between the results of a cytotoxicity assay performed 
immediately at the end of 24 h (IC50 0,764 ± 0.097 mM, 
mean ± SD) and the same test performed after the cells 
have been allowed to recover for 72 h in TEMPOL-free 
culture medium {\C^^ 0.604 ± 0.208 mM, mean ± SD). 
indicating that 24 h are enough to induce irreversible 
damage to the cells. The contrast phase micrographs 
shown in Fig. 2a and b support this finding, showing 
significant morphologic alterations in cells exposed to 



L2 mM TEMPOL for 24 h compared to control cells 
grown in drug-free medium for the .same period of time 
Continuous expo.surc to the nitroxide for 96 h results io 
a more potent inhibition of ceil growth (fC^o 0.208 * 
0.06 mM, mean ± SD). An increased severity of ih^ 
morphologic lesions is observed when cells are exposed 
to 0.4 mNf TEMPOL for 96 h compared to appropriate 
control cells (Fig. 2c and d). 

The experiments reported in Fig. 3 were performed in 
MCF-7AVT cells to assess the importance of the nitro.xy! 
group in the cytotoxicity of TEMPOL, The dose-re> 
sponse curve obtained for a 96-h exposure to TEMPOL 
is compared with those obtained with TEMPOL-H (its 
chief metabolite, in which the nitroxy! group is reduced 
to hydroxy lamine^^), and CPTY, another nitroxy I com- 
pound that exhibits a lower reduction rate than TEMPOL 
and therefore is less reactive at phvsioiogical pH.^^ Both 
TEMPOL-H and CPTY are significantly less potent in 
inhibiting MCF-7AVT cell growth than TEMPOL QQ^ 
2.33 :t LI2 mM and 1.05 ± 0.15 mM, respectively; 
mean ± SD), indicating that a highly reactive nitroxyl 
group is essential for the cytotoxic activity of the com- 
pound. 

When different concentrations of A^-acetylcysteine 
(NAC) are combined with TEMPOL for the in vitro 
treatment of MCF-7AVT cells (Fig. 4), the cytotoxic 
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fTEMPOLJ M 



fNACJ mM 


% growth 
inhibrtion 


TEMPOL ICso (mM) 
in the presence of NAC 
(Mean ± SD) 


0 




0.208 ±0.023 


5.0 


0.0 


0.329 ± 0.069 


10.0 


22.2 


0.273 ± 0.077 



Rg. 4. Effect of ^acetylcysteine (NAC) on the growth inhibitory 
action ofTEMPOL on MCF-7AVT cells upon 96-h exposure [mczn ± 
SD of four to six replications). ■ TEMTOL; O TEMPOL + 5.0 mM 
NAC: • TEMPOL + 10 mM NAC. Each curve is representative of 
three to four independent experiments. 
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Fig. 5- Slability of the TEMPOL molecule in culture medium (•) and 
in cells RPMI 1640 medium (supplemcnlcd with \Q% FBS) 

containing 0.1 mM TEMPOL was incubated for 96 h under siandiird 
cell culture condiiitms; EPR spectra were recorded al different time 
points. MCH-7AV r cells were exposed for 24 h to 0.1 mM TEMPOL 
under standard culture conditions. The nilroxide was subsequently 
itmoved from the extracellular medium and EPR spectra of the cell 
suspension were recorded at different lime points after drug removal. 
All EPR spectra were recorded at room temperature under the follow- 
ing conditions: microwave power 5 mW. gain 5 X 10', lime constant 
0.5 modulation amplitude 1. 



action of TEMPOL, as assessed by the sulforhcMJamine B 
assay, is inhibited: a significant increase in the ICgo value 
of TEMPOL (0.329 ± 0.069 mM, mean ± SO vs. 
0.208 ± 0.06 mM in the ab.sence of NAC) was observed 
in the presence of 5 mM NAC, which per se is devoid of 
appreciable cytotoxic effects, whereas an ICsq value of 
0.273 ± 0.077 mM (mean ± SD) was obtained in the 
presence of 10 mM NAC. which induces ^25% growth 
inhibition when given alone. Preliminary studies had 
shown that, al the concentrations used for these experi- 
ments, NAC does not affect the intensity of the TEM- 
POL EPR signal in a eel I- free system (data not shown), 
indicating that the two compounds do not interact di- 
rectly and that any inicractions between the two occur 
intraceliularly. The statistical analysis of the combined 
effects of TEMPOL and NAC 10 mM by the test de- 
scribed by Drewinko'^ indicates a significant antagonism 
of TEMPOL action by this concentration of NAC. 



culture medium containing 10% fetal bovine serum is 
essentially unmodified during the first 24 h and that 85% 
of the initial signal is still detectable after 96 h. The time 
course of TEMPOL signal decay in MCF-7AVT cells 
preincubated with 0.1 mM TEMPOL and subsequently 
maintained in TEMPOL-free medium shows that the 
intracellular concentration of the nitroxide rapidly de- 
creases and is no longer measurable after 24 h. 



Cell cycle studies 

Flow cytometric studies of the DNA content of TEM- 
PO L-treated MCF-7AVT cells and their untreated coun- 
terparts were performed to assess the effect of TEMPOL 
on the cell cycle progression. Figure 6 shows the flow 
cytometric analysis of the cell cycle distribution of MCF- 
7/WT cells exposed to different concentrations of TEM- 
POL for 24 and 96 h. At 24 h control cells show a DNA 
content distribution representative of an asynchronous, 
exponentially growing cell population; exposure to 
TEMPOL induces a dose-dependent accumulation of 
cells in the Gj phase. After 96 h the DNA content 
distribution of control cells is dramatically modified, 
with a significant increase in Gj cells as the population 
approaches the plateau phase; at high nitroxide concen- 
trations a fraction of cells with a hypodiploid DNA 
content can be detected. Upon Jong exposure limes, 
TEMPOL no longer causes cells to accumulate in 0,. but 
rather depletes this cell subpopulation, with a corre- 
sponding increase in G^/M cells. 



DNA fragmentation 

Figure 7 shows the effect of TEMPOL on DNA 
fragmentation in the human breast adenocarcinoma cell 
line MCF-7AVT (lanes 1-3) and in the nonneoplastic 
human breast epithelial cell line HBL-lOO (lanes 4—6) 
after 24-h exposure TEMPOL concentrations up to 2.5 
mM fail to induce any detectable DNA degradation in 
HBL-lOO cells (lanes 5 and 6), whereas upon 24-h ex- 
posure to 2.5 mM TEMPOL MCF-7A^'T cells yield a 
pattern of intern ucleosomal DNA fragmentation (lane 3), 
which is typical of apoptotic cell death. 



£PR studies 

The stability of the TEMPOL molecule for 96 h 
(corresponding lo the longest exposure time used in our 
experiments), was assessed both in tissue culture me- 
*iiuni in the presence of serum components and in the 
intracellular environment, by measuring Ihe iniensily of 
TE.MPOL EPR signal. Figure 5 shows that the .<iignal 
cun-esponding lo O.i mM TEMPOL in RPMl 1640 tissue 



DISCUSSION 

The increasing use of low molecular weight nitroxides 
as probes in EPR and NMR imaging^ and as protec- 
tive agents in a number of free radical -mediated pa- 
thologies*''" is based on the assumplic)n thai these com- 
pounds arc devoid of toxic effecis per .se. and therefore 
unable lo induce significant cellular dantagc. Studies 
supporting this assumption have indicated that short- 
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TEMPOL0.4 mM 




Gi=37.3% 
S=33.9% 
G2/M=28.8% 



TEMPOL 0.1 mM 




Gi=58.0% 
S=23.1% 
G2/M=ia9% 



TEMPOL 0.8 mM 




G,=:42.4% 
S=34.0% 
G2/M=23.6% 



TEMPOL 0.2 mM 



1880 




G1=55.8% 
S=22.4% 
G2/M=21.8% 



TEMPOL 1.2 mM 



TEMPOL 0.4 mM 




Gi=^7.2% 
S=30.4% 
G2/M=22.4% 




Gi=38.7% 
S=24.0% 
G2/M=37.3% 



Fig. 6. Flow cytometric analysis of the cell cycle distribution of MCF-7AVT n**iic ^^^.t^^^a a ff 

24 and 96 h. Histograms and percent value/of cell distribution ^n^^^en^^^^ of TEMPOL for 

which is representative of three replicate experiments with similar results ^ ' "^^"^ *° cxpenmcnt. 



term exposure (10 min) of CHO cells to a variety of low 
molecular weight nitroxides does not affect cell 
viability,"* and that no significant cytotoxicity can be 
observed when tumor cells are treated with the-piperidine 
nitroxide TEMPO, in spite of the production of substan- 



tial amounts of hydrogen peroxide.*^ However, other 
studies testify to the mutagenic effects of TEMPOL; ^'^ ^^ 
a very recent report indicates that nitroxide free radicals 
have bactericidal/bacteriostatic properties against some 
bacterial strains, depending on their repair capability/* 
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Fie 7. DNA fragmeniaiion assay in N4CF-7AVT and HBL-100 cells 
exposed to TEMPOL for 24 h. Lanes 1-3: MCF-7AVT cells (controls, 
TEMPOL 1.0 inM. and 2.5 mM, respectively); lanes 4-6: HBL-100 
cells (controls. TEMPOL 1.0 mM, and 2.5 mM, respectively). 

suggesting that more thorough investigations on the ef- 
fects of TEMPOL on eel! survival and proliferation 
might be in order. 

The apparent paradoxical effect of TEMPOL, which 
seems to act as an antioxidant cytoprotective agent in 
some experimental models,^"** while exhibiting a cyto- 
toxic action under different settings, prompted us to 
perform a thorough investigation of the effects of TEM- 
POL on cell survival and proliferation, using a panel of 
cell lines derived from different organs and tumors of 
human and rodent origin. Our findings point to a marked 
cytotoxic effect for TEMPOI-, but not all the cell lines 
tested are equally affected by the treatment. The most 
striking differences can be observed between neoplastic 
and nonneoplastic cell lines from breast, liver, and ovary, 
with a significantly more potent effect against neoplastic 
cells. This observation suggests the attractive possibility 
that TEMPOL may exhibit some degree of selectivity as 
a cytotoxic agent. The mechanisms underlying this com- 
paratively selective effect are unclear as yet. On the one 
hand, evidence has been presented that tumor cells are 
under a latent oxidative stress, which is accompanied by 
deficit in the activity of detoxifying enzyme systems,"^ 
and which, at least in some cases, has been shown to be 
essential for the maintenance of a transformed 
phenotype.'* If such were the case, the antiproliferative 
effect of TEMPOL could he attributed to a relief of the 
intracellular oxidative stress by virtue of its antioxidant 
properties. Alternatively, it could be envisioned thai 
TEMPOL, when present in excess to the intracellular 



free radical level, might itself act as a free radical, and 
attack cellular components essential to cell survival, di- 
rectly or by generating oxygen -derived reactive 
species.'^ Either way, the growth inhibitor>' effect of 
TEMPOL seems to depend on free radical -mediated pro- 
cesses; this hypothesis is supponed by the results ob- 
tained in our experiments combining TEMPOL and 
NAC, which acts as a precursor for GSH and as a free 
radical scavenger in its own right. Preliminary EPR 
studies have demonstrated that TEMPOL signal is not 
affected by NAC in a cell -free experimental system (data 
not shown), thus ruling out a direct interaction between 
the two compounds. Therefore, the NAC- mediated inhi- 
bition of TEMPOL effects can be hypothesized to occur 
only in the presence of cellular components. 

The importance of free radical-mediated mechanisms 
to obtain a significant inhibition of cell growth is em- 
phasized by the results shown in Fig. 3. suggesting that 
TEMPOL owes its antiproliferative effect not only to the 
presence, but also to the reactivity of its nitroxyl group. 
Accordingly, TEMPOL-H. which is the chief reduced 
metabolite of TEMPOL,^"* was shown to be almost to- 
tally devoid of cytotoxicity against MCF-7AVT cells, 
with a negligible residual activity probably due to reoxi- 
dation of the hydroxylamine to nitroxyl group. Like- 
wise, CTPY, which is a nitroxide with a higher midf)oint 
potential than TEMPOL and a decreased reduction rate 
at physiological pH,'^ proved to be significantly less 
effective than TEMPOL in inhibiting MCF-7AVT cell 
growth. The possible role played by the reactive nitroxyl 
group in triggering free radical-mediated cell damage 
suggests that cells better equipped to detoxify free radi- 
cals and their reaction products (e.g., lipopcroxides) are 
less responsive to TEMPOL cytotoxicity. The observa- 
tion that both the tumor and nontumor cell lines derived 
from rat liver, exhibiting high levels of detoxifying en- 
zymes, are comparatively more resistant to the effects of 
TEMPOL than the cell lines derived from other organs, 
provides further support to this hypothesis. Other factors 
accounting for the effects of TEMPOL in individual cell 
lines include cell pharmacokinetics (uptake and metab- 
olism) of the compound, DNA repair capability of the 
cell line tested as well as its ability to set up a program 
of apoptotic cell death, based on the expression of such 
genes as hcl-2. bax\ c-myc, 'dndp5Ji. None of these issues 
has been specifically addressed in the present study, 
which was only meant as a preliminary characterization 
of ihe effecLs of TEMPOL on nuunmaiian cell growth. 
However, indirect evidence seems to rule out a major 
role for mismatch repair enzymes, because the response 
of the two colon cell lines tested. LoVo and HCT 1 16, 
which harbor defects in mismatch repair components 
(hMSH2 and hMLHl respectively),^*^^ docs not signif- 
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icantly differ from ihc response observed in the other 
lumor cell lines in ihc panel. 

A further issue of considerable interest is the irrevers- 
ible charaeter of the cell damage induced by TEMPOL. 
This effect was studied in greater detail in MCF-7/WT 
cells, which were especially responsive to the nitroxide. 
Experiments based <^n different treatment schedules 
show that the cytotoxic effect of TEMPOL is time- 
dependent, and that 24 h are required for the develop- 
ment of cell damage, as assessed by morphological al- 
terations and loss of proliferative capacity. No apprecia- 
ble recovery of proliferative capacity is obser\-ed upon 
replacement of TEMPOL with drug-free medium after 
24-h exposure; on the contrary, a slight increase in cy- 
totoxicity can be delected, indicating that drug effects 
persist even after removal of the compound from the 
extracellular space. This observation can be accounted 
for by different explanations, the most obvious being that 
pan of the TEMPOL incorporated by the cells persists in 
the intracellular compartment throughout the experiment, 
even after nitroxide removal from the extracellular space. 
However, our EPR studies rule out this possibility, as the 
TEMPOL signal was undetectable in cells shortly after 
its renioval from the exu-acellular medium. The alterna- 
tive explanation, based on intracellular conversion of 
TEMPOL to a diamagnetic, EPR-silent compound, 
which nevertheless might retain its antiproliferative ef- 
fect, is ruled out by the results of the experiments re- 
ported above, showing that TEMPO L-H is devoid of 
cytotoxic properties. Therefore, the most likely explana- 
tion seems to be that the antiproliferative activity of 
TEMPOL depends on the presence of a reactive nilroxyl 
group, which induces irreversible damage. 

Cell cycle studies were also performed in MCF-7AVT 
cells to evaluate whether TEMPOL is able to affect cell 
progression through any panicular phase of the division 
cycle. Our results indicate a biphasic effect of TEMPOL, 
with a short-ierm dose-dependent accumulation of the 
cells in the Gj phase of the cell cycle and a decrease of 
the percentage of cells in this same phase upon longer 
exposure times, with a concomitant increase in G2/M 
cells. This suggests the presence of a TEMPOL-induced 
damage assessment mechanism, which is associated both 
with cell cycle progression regulatory mechanisms and 
with the triggering of cell death. If the damage is recog- 
nized as repairable, then cells slow down their progres- 
sion through the cell cycle and attempt to repair the 
damage. In contrast, when the damage is extensive and 
impossible to repair, which seems to be the case after 
long-term exposure or after 24-h exposure to high con- 
centrations of TEMPOL, cell death is triggered and cells 
in the phase of the cell cycle are the first to be killed. 
As to the mode of the cell death induced by TEMPOL, 
the presence of a fraction of cells with hypodiploid DNA 



content after 24-h exposure to high concentrations of the 
nitroxide suggests the triggering of an apoptotic mecha- 
nism may be. This is suppone<! by the results of the DNa 
fragmentation studies, showing internucleosomal DNa 
fragmentation in MCF-7AV'T, but not in HBL-KX), cells 
exposed to TEMPOL for 24 h. Funher investigations are 
in progress to establish whether this is due to direct DNA 
damage by TEMPOL, or to other effects of the nitroxide 
that ultimately result in ONA degradation. 

Irrespective of the specific mechanism by which the 
final outcome is achieved, it can be concluded that TEM- 
POL is not devoid of effects on mammalian cell growth, 
as originally proposed by some authors. This possibility 
should be given thorough consideration, both as a hin- 
drance to the use of nilroxidcs as probes or antioxidants 
and as a further indication for the therapeutic use of these 
compounds, which is made particulariy attractive by 
their comparative selectivity for tumor cells and irrevers- 
ible character of their cytotoxic effect. In addition, our 
findings indicate that TEMPOL does not discriminate 
between tumor cells exhibiting a mullidrug-resi.stant phe- 
notype and the corresponding parental cell lines, and no 
significant difference has been observed between estro- 
gen receptor-positive and -negative breast cancer cells. 
As multidrug resistance and Joss of hormone receptors in 
tumor cells are often related to an unfavorable prognosis, 
the efficacy displayed by TEMPOL again.st cell lines 
with these characteristics is a further potential benefit of 
the therapeutic use of this class of compounds. 
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